The conserved Mps1, Bub1, and Aurora protein kinases regulate chromosome segregation and the spindle checkpoint, but few of the corresponding substrates that mediate these functions have been identified [3] [4] [5] [6] . To elucidate the mechanism by which these kinases regulate these processes, we sought to identify novel kinetochore targets. We previously developed a method to purify native budding yeast core kinetochore particles and found that the Mps1 and Bub1 kinases copurify [7] . Although the kinases cannot be visualized by silver staining of kinetochore particles, incubation of particles with radiolabeled-ATP resulted in the strong phosphorylation of several species ( Figure 1A ). To identify the kinase(s) responsible, we utilized temperature-sensitive mutations in the mitotic kinases Cdk1 (cdc28-13), Aurora B (ipl1-321), and Mps1 (mps1-1), as well as a tetracycline-repressible Bub1 protein (Ubi-R-TetR-BUB1). Inactivation of any individual kinase did not alter the bulk composition of purified kinetochore particles as determined by silver-stained SDS-PAGE ( Figure 1A ). However, inactivation of Mps1 but not the other candidate kinases resulted in a loss of phosphorylation, indicating that Mps1 is the major kinase activity that copurifies with native kinetochore complexes and that it does not require the activity of other mitotic kinases tested in the context of this assay ( Figure 1A ; see also Figure S1 available online). The effect does not appear to arise from major alterations in kinetochore particle composition in mps1-1 mutants because immunoblotting of kinetochore proteins that are not detectable by silver staining revealed normal levels of the subcomplexes analyzed ( Figure 1B ).
Mps1 activity is required for the localization of the Bub1 protein to kinetochores in other organisms [8] [9] [10] [11] [12] [13] [14] [15] , so we tested whether Mps1 also regulates its localization in budding yeast. WT and analog-sensitive mps1-as1 mutant cells containing Bub1-3GFP were arrested in metaphase by depletion of the APC activator Cdc20 and were then treated with the microtubule-destabilizing drug nocodazole and the mps1-as1 inhibitor 1NM-PP1 [16] . Although Bub1-3GFP colocalized with the core kinetochore protein Mtw1-mCherry in approximately 40% of wild-type (WT) cells, this was reduced to 10% in the mps1-as1 cells treated with inhibitor ( Figure 2A ). Bub1 interacts with the Bub3 checkpoint protein and requires its function for kinetochore localization [17] [18] [19] [20] [21] [22] [23] , and we found that Bub3 also requires Mps1 activity to localize to kinetochores (Figure S2A) . We next tested whether Mps1 is required for Bub1 to associate with kinetochore particles in vitro. Bub1 copurifies with native kinetochore particles but not with mps1-1 particles in the presence of phosphatase inhibitors ( Figure 2B ). Furthermore, Bub1 was released when native particles were treated with recombinant PP1 in vitro, suggesting that phosphorylation is directly required for Bub1 binding to kinetochores ( Figure 2C ). Phosphatase inhibitors preserved the interaction ( Figure 2C ). Importantly, PP1 treatment did not alter the core composition of the kinetochore particles or the associated Mps1 kinase activity ( Figures S2B and S2C ). To test whether phosphorylation of kinetochores by Mps1 could restore Bub1 binding to kinetochores, we incubated the phosphatase-treated kinetochore particles with ATP to specifically phosphorylate Mps1 sites. When the ATP-treated particles were incubated with cellular lysate, we observed robust Bub1 rebinding to the particles ( Figure 2D ). The effect requires Mps1-mediated phosphorylation because phosphatasetreated particles treated without ATP, as well as mps1-1 mutant control kinetochores treated with ATP, failed to recruit Bub1 ( Figure 2D) . These experiments also demonstrate that rebinding is not due to exchange of bead-bound kinetochore particles with those present in the lysate. Spc105 is phosphorylated by the Ipl1/Aurora kinase [24] [25] [26] , but phosphorylation of kinetochores by Ipl1/Aurora did not promote Bub1 rebinding ( Figure 2D ). The Bub3 protein behaved similarly in the same assays ( Figures S2D-S2F ).
Because Mps1 phosphorylation is required for Bub1 to associate with kinetochores in vitro, we tested whether Mps1 activity is sufficient to recruit Bub1 to kinetochores in vivo. Bub1-3GFP foci colocalize with approximately 3% of *Correspondence: sbiggins@fhcrc.org kinetochores when cells are arrested in G1 (n = 200, Figure 2E ). However, Bub1 can be visualized on 22% of the kinetochore foci when Mps1 is overexpressed (n = 206, Figure 2E ), suggesting that Mps1 activity promotes Bub1 localization to kinetochores independently of upstream mitotic events. Similar results were previously demonstrated in fission yeast [15] , as well as for Bub3 localization in budding yeast upon Mps1 overexpression [27] . Together, these data show that Mps1-mediated phosphorylation of kinetochores is required to promote the localization of the Bub1 protein and its interacting partner, Bub3.
We next wanted to identify the Mps1 substrate that mediates Bub1 localization to kinetochores. Bub1 interacts with the KNL-1/blinkin protein in other organisms [8, 10, 19, 28, 29] , making it a likely target. Consistent with this possibility, the molecular weight of the slowest migrating species phosphorylated by Mps1 on kinetochore particles corresponds to that of Spc105, the budding yeast homolog of KNL-1/blinkin [30, 31] ( Figure 1A ). This species migrated even slower when kinetochore particles with Spc105-3GFP were used in kinase assays, identifying it as Spc105 (Figure 3A) . Similar experiments determined that the other two major substrates are Ndc80 and Dsn1 (data not shown). To ensure that Mps1 directly mediates this phosphorylation, we purified particles from an mps1-1 mutant strain and performed a kinase assay with recombinant GST-Mps1 ( Figure 3A) . Although the overall level of phosphorylation was lower with recombinant kinase, the pattern was identical to that of WT particles. Together, these data show that Mps1 is the major mitotic kinase that copurifies with kinetochore particles and that it directly phosphorylates Spc105 and other kinetochore targets in vitro.
We next tested whether Bub1 interacts with Spc105 in an Mps1-dependent manner. Bub1 copurified with Spc105 that was immunoprecipitated from WT cells, and the interaction was abolished in mps1-1 mutant cells ( Figure 3B ). Consistent with phosphorylation being required for their association, Mps1 overexpression enhanced the copurification of Bub1 with Spc105, whereas the overexpression of the budding yeast PP1 catalytic subunit, Glc7, inhibited it ( Figure 3C ). Mps1 overexpression also enhanced the interaction between Bub1 and Spc105 in metaphase-arrested and G1-arrested cells ( Figures  3D and 3E ). The phosphorylation state of Spc105 in vivo correlated with Mps1 activity because Mps1 overexpression reduced the relative mobility of Spc105 ( Figures 3C and 3D ). PP1 is known to interact with Spc105 [24, 26] , so we tested whether it dephosphorylates Spc105. We found that Glc7 overexpression increased Spc105 mobility in vivo ( Figure 3C ) and PP1 treatment of kinetochore particles increased the migration of Spc105 in vitro (data not shown). Together, these data demonstrate that Spc105 mobility changes are due to changes in phosphorylation and confirm that there is a pool of phosphorylated Spc105 within kinetochore particles. Consistent with PP1 activity opposing Mps1 on kinetochores, Glc7 overexpression reduced Bub1 localization to kinetochores in vivo ( Figure 3F ) and reduced Bub1 binding to purified kinetochore particles (data not shown).
To identify potential Mps1 phosphorylation sites on Spc105 that might regulate its interaction with Bub1, we treated kinetochore particles with ATP and then analyzed Spc105 by mass spectrometry. We identified 17 sites that are phosphorylated (Table S1) . Because an N-terminal region of Spc105 homologs has been reported to interact with Bub1 [8, 19, 28, 29] , we focused on sites proximal to the conserved microtubulebinding N terminus. Strikingly, we detected phosphorylation on three of six conserved threonines that match an expanded [10, 19, 23, 28, 31, 32] ; Figure 4A ; Table S1 ). To test whether Mps1 phosphorylates these sites, we mutated the T residues to A in all six motifs to generate the spc105-6A allele. Kinetochore particles were then purified from cells containing WT Spc105 or the mutant Spc105-6A protein and incubated with radioactive ATP. There was a 54% reduction in phosphorylation on Spc105-6A relative to WT Spc105, indicating that Mps1 directly phosphorylates these sites on kinetochore particles ( Figure 4B ). We next tested whether Bub1 binding to Spc105 was altered by the mutation of the Mps1 phosphorylation sites. WT Spc105 copurified with Bub1, whereas the Spc105-6A mutant did not ( Figure 4C ). Like Bub1, Bub3 also required Mps1 activity to interact with Spc105 ( Figure S3A ). Neither Bub1 nor Bub3 copurified with kinetochore particles containing Spc105-6A ( Figures S3B and 4D) .
To test whether phosphorylation of kinetochores by Mps1 could restore Bub1 binding to kinetochores containing the Spc105-6A mutant, we treated WT or Spc105-6A kinetochore particles with phosphatase, incubated them with ATP to allow phosphorylation of Mps1 sites, and then incubated them with cellular lysate, as in Figure 2D . Although Bub1 showed strong rebinding to ATP-treated particles from WT cells, the particles containing Spc105-6A failed to recruit Bub1 ( Figure 4E) . Consistent with this, Bub1 localization to kinetochores in vivo was abolished in cells containing spc105-6A ( Figure 4F ). Bub3 (A) pMet-Cdc20 BUB1-3GFP MTW1-mCherry cells containing MPS1 (SBY10318) or mps1-as1 (SBY10282) were arrested in mitosis by Cdc20 depletion and treated with nocodazole. They were then incubated with (+ inhibitor) or without (2 inhibitor) 1NM-PP1 and analyzed for colocalization between Bub1 and Mtw1. Scale bar represents 5 mm. (B) Kinetochore particles from strains containing Bub1-3GFP and MPS1 (SBY8502) or mps1-1 (SBY9348) were purified and analyzed by immunoblotting. (C) Kinetochore particles were purified from a strain containing Bub1-3GFP (SBY8502). The particles were treated with PP1 in the presence or absence of phosphatase inhibitors, and the bound and unbound pools were analyzed by immunoblotting. (D) Kinetochore particles were purified from strains containing Bub1-3GFP and MPS1 (SBY8502) or mps1-1 (SBY9348). The particles were treated with PP1 and then incubated with 6 ATP. They were then incubated in a lysate from a WT strain (SBY8502) and analyzed by immunoblotting. (E) BUB1-3GFP NUF2-mCherry pGAL-MPS1 cells (SBY10271) were arrested in G1 and then treated with or without galactose. The colocalization of Bub1 with Nuf2 was analyzed by microscopy. Scale bar represents 5 mm.
behaved the same in the rebinding assay ( Figure S3C ), indicating that Mps1 phosphorylation of one or more MELT motifs in Spc105 regulates the binding of Bub1 and Bub3 to kinetochores.
To analyze the phenotypes associated with mutation of the MELT motifs in Spc105, we grew WT and spc105-6A strains on media containing the microtubule-destabilizing drug benomyl. The spc105-6A mutant cells grew slowly compared to WT cells and exhibited hypersensitivity to benomyl media, similar to a Bub1 depletion ( Figure 4G ). Mutations in other Mps1 sites detected by mass spectrometry did not result in benomyl sensitivity or slow growth (data not shown).
We attempted to analyze chromosome segregation by fluorescently marking a chromosome, but a high percentage of the spc105-6A cells exhibited aneuploidy of the marked chromosome, which prevented us from assaying biorientation or segregation (data not shown). To determine whether the spc105-6A cells were competent for the spindle checkpoint, we released them from G1 into nocodazole. Although WT cells arrested with high levels of the anaphase inhibitor Pds1, spc105-6A mutant cells did not stabilize Pds1 ( Figure 4H ). Consistent with this, 44% of the spc105-6A mutant cells exhibited rebudding 5 hr after release from G1 compared to 12% of WT cells. Together, these data show that Mps1-mediated phosphorylation of Spc105 contributes to accurate kinetochore and spindle checkpoint function. Figure 1A , as was a control purification from untagged strain SBY3. Recombinant GST-Mps1 was incubated with the mps1-1 samples. (B) Spc105-3Flag was immunoprecipitated from BUB1-13myc control cells (SBY3269) grown at 23 C and from SPC105-3Flag (SBY7420), SPC105-3Flag BUB1-13myc (SBY9226), and SPC105-3Flag BUB1-13myc mps1-1 (SBY9476) cells shifted to 37 C for 2 hr before harvest. Samples were analyzed by immunoblotting. (C) Spc105-3Flag was immunoprecipitated from WT (SBY9226), pGAL-MPS1 (SBY10100), and pGAL-GLC7 (SBY9971) cells containing BUB1-13myc and analyzed by immunoblotting. Control strains containing BUB1-13myc but lacking Spc105-3Flag are SBY4020 (pGAL-GLC7), SBY3269 (WT), and SBY4587 (pGAL-Mps1). (D) pMET-CDC20 cells containing Spc105-Flag and/or Bub1-13myc (SBY10464, SBY10364, SBY10465, and SBY10466) were arrested in metaphase and then galactose was added to induce Mps1 overexpression and cells were processed as in (C). (E) Spc105-3Flag was purified from cells arrested in G1 and treated with galactose for 1 hr to induce Mps1 overexpression. The strains used were BUB1-13myc (SBY3269), BUB1-13myc pGAL-MPS1 (SBY4587), SPC105-3Flag (SBY7492), SPC105-3Flag pGal-MPS1 (SBY9952), SPC105-3Flag BUB1-13myc (SBY9226), and SPC105-3FLAG BUB1-13myc pGAL-MPS1 (SBY10100). (F) GLC7 (SBY9337) and pGAL-GLC7 (SBY10479) cells containing BUB1-3GFP and MTW1-mCherry were induced with or without galactose for 1 hr. The percentage of cells with Bub1-3GFP foci localizing to the kinetochore was quantified by microscopy. Scale bar represents 5 mm. Table shows MELT-like motifs (bolded) and surrounding sequence. (B) Kinetochores were purified (silver stain, right) from strains containing SPC105-9myc (SBY10267) or spc105-6A-9myc (SBY10265). They were incubated with radioactive ATP, and the corresponding phosphate incorporation was quantified (autorad, left). SD of normalized Spc105 signal is 65% (n = 3). (C) Bub1-GFP was immunoprecipitated from strains containing Spc105-9myc (SBY10266) or Spc105-6A-9myc (SBY10264). (D) Dsn1-Flag was immunoprecipitated from strains containing SPC105-9myc Bub1-3GFP (SBY10426) or Spc105-6A-9myc Bub1-3GFP (SBY10422). (E) Kinetochore particles were purified from strains containing Bub1-3GFP and SPC105-9myc (SBY10426) or spc105-6A-9myc (SBY10422). The particles were treated with PP1 and then incubated with 6 ATP. They were then incubated in lysates from WT strains (SBY10426) containing Bub1-3GFP and analyzed by immunoblotting. (F) Strains containing BUB1-GFP MTW1-mCherry and SPC105-9myc (SBY10266) or spc105-6A-9myc (SBY10264) were arrested in nocodazole for 60 min. The percentage of cells showing colocalization of Bub1 with Mtw1 was quantified. Note that Bub1 is enriched on kinetochores that have detached from microtubules and are no longer clustered together [18] . (G) Five-fold serial dilutions of WT (SBY3), SPC105-9myc (SBY10267), mad2D (SBY292), Ubi-R-TetR-BUB1 (SBY8920), or two independently generated spc105-6A-9myc strains (SBY10265, SBY10254) were analyzed for growth on YPD with doxycycline in the presence or absence of 10 mg/ml benomyl. (H) Pds1 levels were analyzed in SPC105-6His (SBY10373) or spc105-6A-6His (SBY10374) cells released from G1 into nocodazole. Pgk1 is a loading control. (I) Model for silencing of the spindle checkpoint. When kinetochores are not correctly attached to microtubules, Mps1 phosphorylates Spc105 to recruit Bub1/Bub3. Proper microtubule attachment promotes PP1 interaction with Spc105, leading to dephosphorylation of Spc105 and release of Bub1/Bub3 to promote checkpoint silencing.
The identification of targets of the conserved kinetochore kinases is key to fully understanding chromosome segregation and the spindle checkpoint, but progress has been slow due to the large number of potential kinetochore targets. Currently, Ndc80 is the only known Mps1 substrate at yeast kinetochores that regulates the spindle checkpoint [33] . We used a previously established kinetochore purification technique to identify Mps1 as the major kinase activity that associates with core kinetochore particles [7] . Although Bub1 also purifies with kinetochore particles, we did not detect any associated activity. This could be explained by low levels of Bub1 on kinetochore particles, a lack of active Bub1, or a low abundance of copurifying substrates [34, 35] .
Here, we identify Spc105 as a key Mps1 kinase target that recruits Bub1 to kinetochores via phosphorylation of the conserved MELT motifs, a mechanism that is also conserved in fission yeast (see the accompanying paper by Shepperd et al. [36] in this issue of Current Biology and Y. Watanabe, personal communication). Although a Bub1-binding KI motif was identified in human KNL-1/blinkin that is not clearly conserved in yeast, this interaction is not sufficient for kinetochore recruitment of Bub1 in vivo [19, 28] . Therefore, there are additional unknown controls over the interaction that could be mediated by phosphorylation [19] . Given the strong conservation of the MELT motifs despite the strong divergence in much of the Spc105 homolog sequence, this mechanism may be generally conserved. Although the growth defects of the spc105-6A mutant are similar to a bub1 mutant, additional functions for the MELT motifs may also exist. Bub3 has been implicated in mediating Bub1 binding to kinetochores [18] [19] [20] 36] , and we found that Mps1 also regulates the association of Bub3 with Spc105. In the future, it will be important to clarify the dependency relationships between the Bub1 and Bub3 proteins and their interaction with Spc105.
We also show that Glc7 reverses Mps1-mediated phosphorylation on kinetochores to release Bub1, identifying a phosphatase activity that opposes the Mps1 kinase. This is consistent with work showing that Spc105 and PP1 are required to exit the spindle checkpoint [37] [38] [39] . Spc105 recruits PP1 to the kinetochore and requires its microtubule binding domain for checkpoint silencing [24, 26, 39] , raising the possibility that PP1 disrupts Bub1 and Bub3 binding to Spc105 to turn off the checkpoint once kinetochores make proper bioriented attachments ( Figure 4I ). We showed that additional Mps1 phosphorylation sites exist on Spc105 and other kinetochore substrates, so an important line of future study will be to elucidate the associated functions. Together, these studies further our understanding of the molecular mechanisms by which Mps1 and PP1 regulate the complex signaling events that underlie spindle checkpoint function and chromosome segregation to maintain genomic stability.
Experimental Procedures
Yeast Strains, Plasmids, and Microbial Techniques Media and genetic and microbial techniques were essentially as described [40] . The construction of yeast strains and plasmids used in this study and the experimental growth conditions are described in Supplemental Experimental Procedures. Yeast strains are listed in Table S2 .
Biochemistry and Microscopy Techniques
Details of kinetochore purifications, immunoprecipitation conditions, mass spectrometry, and microscopy assays are described in Supplemental Experimental Procedures.
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